Abstract Temozolomide (TMZ) is the most effective chemotherapeutic agent for glioblastoma (GBM). Resistance to this methylating agent is linked to DNA repair enzyme O6-methylguanine-DNA methyltransferase (MGMT). However, in recent studies MGMT status was not completely accurate as a predictor of TMZ response in GBM, suggesting other mechanisms of resistance. As part of an effort aimed at discovery of genes involved in TMZ resistance in GBM, the expression of CD74 was evaluated in GBM patient samples and the influence of CD74 on TMZ response was evaluated in GBM tumor models. Reverse transcription-polymerase-chain reaction (RT-PCR) demonstrated differential expression of CD74 mRNA among the GBM xenografts; 8 of 20 (40%) expressed CD74 mRNA. In a preliminary evaluation of whether CD74 expression might influence TMZ response, CD74 mRNA expression levels were inversely associated with in vivo TMZ resistance in 20 GBM xenograft lines (median survival 122 vs. 62.5 days; r = -0.48, P = 0.032). In follow up to this observation, CD74 shRNA knock down in U87 cells significantly suppressed in vitro proliferation and increased TMZ sensitivity as compared to a non-specific control shRNA. Consistent with an effect on proliferation and survival, silencing of CD74 by shRNA was associated with reduced Akt and Erk1/ 2 activation in response to stimulation by CD74 ligand macrophage-migration inhibition factor (MIF). Lastly, expression of CD74 protein was assessed in patient samples [nine anaplastic astrocytoma (AA), and 62 GBM] by immunohistochemistry, and appreciable expression was observed in 28% of samples. Collectively, these findings suggest that CD74 is expressed in a subset of high grade gliomas and may contribute to TMZ resistance.
Introduction
The efficacy of standard temozolomide chemotherapy and radiation therapy for patients with newly diagnosed GBM often is compromised by inherent resistance to these therapies. Previous studies have demonstrated that high activity of the DNA repair protein O6-methylguanine methyltransferase (MGMT) can confer resistance to temozolomide in GBM patients, and molecular assays to evaluate MGMT status are being studied as predictive or prognostic indicators in GBM. However, the lack of perfect concordance between MGMT assays and TMZ resistance suggests that there are other factors that may influence TMZ responsiveness in GBM patients.
In the current study, we have identified CD74 as an additional potential modulator of TMZ responsiveness. CD74 was originally described as an MHC class II chaperone [1] and functions as a membrane receptor for the proinflammatory cytokine macrophage migration inhibitory factor (MIF) on immune cells [2] . MIF binding to CD74 activates downstream signaling through the MAPK and Akt pathways and promotes cell proliferation and survival [3, 4] . Beside expression by immune cells, CD74 overexpression has been observed in several non-CNS cancers, and CD74 expression in these tumors is associated with aggressive behavior and poor patient prognosis [5] [6] [7] [8] [9] . The current study provides the first report of CD74 overexpression in GBM, and links CD74 signaling to pro-survival effects that may contribute to TMZ resistance.
Materials and methods

Experimental reagents
Monoclonal antibody specific for human CD74 (C-16) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA) and anti-phospho-AKT (Ser473), anti-total AKT, antiphospho-(Thr202/Tyr204) ERK1/2, anti-total ERK1/2, anti-phospho Src (Tyr416) and anti-total Src antibodies were purchased from Cell Signaling Technologies, Inc. (Danvers, MA). Secondary biotinylated goat anti-rabbit and anti-mouse immunoglobulin G (IgG) were obtained from Cell Signaling Technologies, Inc. Avidin-biotin peroxidase complex was obtained from Vector Laboratories (Burlingame, CA), and horseradish-peroxidase-conjugated anti-rabbit and anti-mouse IgG were purchased from Amersham (Arlington Heights, IL). Recombinant MIF peptide was purchased from R&D systems (Minneapolis, MN).
Animal studies
Nude mice were purchased from National Institute of Health (NCI, Bethesda, MD). All experiments with animals were approved by the Mayo Institutional Animal Care and Use Committee. GBM xenografts were established as previously described [10] . Mice engrafted with intracranial tumors were randomized into groups of 8-10 mice each and treatment was initiated 2 weeks before mice were expected to become moribund. TMZ was purchased from the Mayo Clinic Pharmacy, suspended in Ora-plus (Paddock Laboratories, Minneapolis), and administered by oral gavage at 66 mg/kg/day for 5 days. This dosing regimen results in a drug exposure in mice that is equivalent to that obtained in humans with the routinely used adjuvant dosing regimen of 200 mg/m 2 /day 9 5 days. Mice were observed daily and euthanized when they reached a moribund state.
Cell culture GBM cells were plated on tissue culture flasks and cultured in DMEM medium (Gibco Life Technologies, Carlsbad, CA) supplemented with 10% fetal calf serum (Invitrogen, Carlsbad, CA) and 1% penicillin/streptomycin (100 U/ml; GIBCO) in a humidified incubator at 37°C and 5% CO 2 . To evaluate cell survival, cells were treated with graded concentrations of TMZ and survival was determined with the CyQuant cell proliferation kit purchased (Epicentre Biotechnologies, Madison, WI). Cell proliferation was assessed by direct cell counting using trypan blue or using CyQuant assay (Epicentre).
Western blot assay
Cells were lysed in a detergent-containing buffer [20 mM Tris HCl (pH 7.4), 0.1% sodium dodecyl sulfate (SDS), 1% Triton X-100, 1% sodium deoxycholate, and 1 mM p-amidinophenyl methanesulfonyl fluoride hydrochloride] supplemented with a cocktail of protease inhibitors (Roche). The lysates were clarified by centrifugation, and protein concentration was determined by the Bio-Rad Protein Assay Reagent (Bio-Rad, Hercules, CA). Equal amounts of protein were diluted with SDS sample buffer [2% SDS, 25 mM Tris HCl (pH 6.8), 5% 2-mercaptoethanol, and 10% glycerol], boiled for 5 min, and resolved by SDS-polyacrylamide gel electrophoresis. Separated proteins were electro-blotted onto a nitrocellulose membrane (Invitrogen). Nonspecific binding was blocked in 5% nonfat milk, 0.1% Tween-20, and 50 mM Tris (pH 7.5). All primary antibodies were incubated overnight at 4°C followed by 1 h RT incubation with the secondary antibody, horseradish-peroxidase-conjugated anti-IgG. The membranes were developed according to the Pierce chemiluminescence protocol (Pierce, Rockford, IL). Membranes were stripped and reprobed using mouse antihuman b-actin antibody to assess equivalent loading of samples.
Stable transfection of shRNA U87 glioma cells were plated on 6-well tissue culture plates at a density of 7 9 10 4 cells and incubated overnight. Cells were transfected with 4 lg of CD74-specific shRNA encoding pLKO-1 plasmid (Sigma-Aldrich, St. Louis, MO) using Gene Porter Ò 2 transfection reagent according to the protocol supplied by the vendor (Genlantis, San Diego, CA). The transfection efficiency (75-80%-data not shown) was evaluated in a separate experiment using a green fluorescent protein (GFP) encoding plasmid. The transfected clones were selected using 2 lg/ml of puromycin (Invitrogen) and harvested by trypsinization within cloning rings. A non-specific targeting (NT) shRNA was transfected in parallel with CD74 shRNA for control experiments.
RNA isolation and reverse transcription-polymerase chain amplification (RT-PCR) Total cellular RNA was isolated using RNeasy kit (Qiagen, Valencia, CA). RNA concentrations were determined by spectrophotometry at 260 nm and the quality of RNA was determined using Agilent Software (Agilent Technologies, Santa Clara, CA). RT-PCR was performed with 2 lg of isolated total RNA and synthesized to cDNA in a 20 ll reaction system using reverse transcriptase (Promega, Madison, WI). Reverse transcription conditions were 5 min denaturation at 70°C, 60 min at 37°C and 5 min at 75°C in a thermocycler (Perkin-Elmer). The following oligodeoxynucleotide primers used for PCR amplification were purchased from Integrated DNA Technologies (Coralville, IA); CD74: sense (5 0 -GACCTTATCTCCAACAATGAGC AAC-3 0 ), and anti-sense (5 0 -AGCAGAGTCACCAGGATG GAA-3 0 ); MIF: sense (5 0 -GTGGACATCTTTGCTTTGGG CCTT-3 0 ) and anti-sense (5 0 -TGTTCCTCCATTCAGC-CAAGGTCT-3 0 ) and b-actin: sense (CCAGAGATGGCC ACGGCTGCT) and antisense (TCCTTCTGGATCCTG TCGGGA). PCR condition was 10 min denaturation at 95°C, then 35 cycles of 30 s at 94°C, 30 s at 55°C and 1 min at 72°C, and finally 10 min elongation at 72°C in a thermocycler. PCR amplicons were analyzed by electrophoresis in a 2% agarose gel and visualized using UV fluorescence after staining with ethidium bromide. The b-actin mRNA was used as a loading control.
Quantitative RT-PCR (qRT-PCR)
The primers and probes used for quantitation of CD74 (catalogue no. 00269961_m1) and the GAPDH (catalogue no. 99999905_m1) endogenous control were purchased from ABI (assay-in-demand). The qRT-PCR was performed on the ABI prism 7900 (ABI) PCR and detection instrument. The qRT-PCR reactions were performed on plates using adhesive seals as covers. A master mix was prepared for target (CD74) and endogenous control (GAPDH) in a 20 ll reaction using a single-step RT-PCR reagents kit (ABI). The RT-PCR was programmed as follows: 42°C for 30 min, 95°C 10 min followed by 95°C 15 s, 60°C 1 min cycled 40 times. Each sample was amplified in triplicate. Control samples without template were included in all experiments. The relative levels of CD74 mRNA were determined using SDS RQ 1.3 software (ABI). For this analysis, GAPDH was used as endogenous control and CD74 mRNA expression level in U87 GBM cells was used as a calibrator.
Immunohistochemistry
Use of primary patient tissues was approved by the Mayo Institutional Review Board and patient consent to participate in research was obtained prior to staining and analysis. Tissue sections from two tissue micro-arrays (TMA) constructed from formalin fixed and paraffin embedded high grade glioma tissues were deparaffinized in xylene and dehydrated in alcohol. TMA sections were immersed in 0.01 mol/l citrate buffer (pH 6.0) and microwaved for 15 min for antigen retrieval followed by rinsing in phosphate-buffered saline (PBS). The endogenous peroxidase activity was quenched with methanol containing 0.3% hydrogen peroxide for 30 min at room temperature (RT). Nonspecific reactions were blocked by 3% bovine serum albumin (BSA) in PBS for 1 h at RT. TMA sections were incubated with a primary CD74 antibody overnight at 4°C at a 1:100 dilution. Sections were incubated with biotinylated goat anti-mouse secondary antibodies for 1 h at RT, followed by incubation for 30 min with the avidinbiotin peroxidase complex. The antigen-antibody binding was visualized with 3,3 0 diaminobenzidine/hydrogen peroxide followed by counterstaining with hematoxylin. Normal human tonsil was used as a positive control for CD74 expression. Analysis of the immunostaining for CD74 was performed by a neuropathologist, who was blinded to the samples. To assess the immunopositivity, all slides were viewed microscopically under low magnification and scored according to the intensity of immunoreaction as negative (-), mild (?), moderate (??) and strong (???).
Statistical analysis
The differences in proliferation and TMZ sensitivity in relation to CD74 status was analyzed using a two-sample t-test (or two-sample rank sum, depending on the data distribution). Cumulative survival probabilities were estimated using the Kaplan-Meier method. The log rank test was used to compare survival of groups. Spearman's correlation coefficient was used to assess the association of relative median survival prolongation in relation to CD74 expression. In all cases, two-sided P-values B0.05 were considered statistically significant.
Results
Preferential expression of CD74 by cells derived from TMZ resistance xenografts
In previous studies, we have defined the TMZ sensitivity of a panel of primary GBM xenograft tumor lines [11] , and as part of an effort aimed at discovery of genes associated with TMZ resistance, gene expression profiling was performed on short-term cell cultures derived from 2 TMZ sensitive xenograft lines (GBM12 and GBM14) and 2 TMZ resistant xenograft lines (GBM43 and GBM44). In a pooled analysis of gene expression levels for TMZ sensitive versus TMZresistant lines, a total of 120 genes were differentially expressed at a significance level of P \ 0.001, of which the 50 genes with the greatest difference in expression are shown in Table 1 . Interestingly, the most highly significant difference in expression was observed for the MHC II chaperone molecule CD74 (Fig. 1a) . RT-PCR for CD-74 on these same four cell lines confirmed higher level CD74 mRNA expression in the TMZ resistant GBM43 and GBM44 lines as compared to the TMZ sensitive GBM12 and GBM14 tumor lines (Fig. 1b) . While CD74 expression has not been described previously in GBM, these data suggested that CD74 may be an important modulator of TMZ response.
Expression of CD74 in GBM xenografts and correlation with TMZ sensitivity To follow up on the initial observation that CD74 expression may be related to TMZ sensitivity, the expression of CD74 and of MIF, the CD74 ligand, was evaluated in flank tumor tissue from 20 GBM xenograft lines in the Mayo GBM xenograft panel that have been characterized for TMZ response. These lines include the four xenograft lines from which the cell lines tested in our expression array study were derived. While robust MIF mRNA expression was observed in all xenograft lines, appreciable CD74 mRNA expression was observed only in a subset of tumors (8 of 20; 40%) (Fig. 2a) . CD74 mRNA levels were further quantitated by qRT-PCR, which showed similar distribution of CD74 expression in the GBM xenografts (Fig. 2b) . Thus, CD74 expression was observed in approximately a third of the primary GBM xenografts.
The in vivo TMZ sensitivity for each xenograft line has been previously evaluated in an orthotopic therapy evaluation model, and this allows for a direct comparison between CD74 expression levels and TMZ responsiveness in our panel of 20 GBM xenograft lines. In this previous study, mice with established intracranial tumors were randomized to therapy with placebo or TMZ (66 mg/kg/ day 9 5 days), and the ratio of median survival for TMZtreated versus placebo-treated mice was used to define the survival benefit associated with TMZ treatment [11, 12] . These survival data were correlated with the qRT-PCR analysis of CD74 mRNA (Fig. 3a) and demonstrate an inverse relationship between CD74 mRNA expression levels and TMZ responsiveness (Spearman's r = -0.48; P = 0.032); high CD74 expression was associated with a poor response to TMZ. Visual inspection of the qRT-PCR data suggests a cut-point for high versus low CD74 expression of approximately 10%, and based on this stratification, 12 of 20 (60%) xenografts had a CD74 score
The survival benefit of TMZ treatment for xenografts with low CD74 expression was significantly greater (median: 4.68; range: 1.33-6.85) than those with high CD74 expression (median: 1.64; range: 1.11-4.31; P = 0.03). TMZ survival determinations for each line were performed with approximately 10 mice each in the treatment and placebo groups for each tumor line. Therefore, in a second analysis, the survival data for all animals were pooled and the survival of mice implanted with tumor lines with high CD74 expression was compared to those with low CD74 expression in a Kaplan-Meier analysis (Fig. 3b) . In this analysis, mice bearing xenograft lines with low CD74 expression (% expression \ 10; n = 105) had a significantly longer survival than those bearing tumor lines with high CD74 expression (% expression C 10; n = 70) following TMZ therapy (median survival 122 vs. 62.5 days; Log rank test P = 0.005), while there was no association of CD74 expression level and survival of the placebotreated mice (P = 0.93). These findings suggest an inverse relationship between CD74 expression and TMZ sensitivity in GBM xenografts.
Knock-down of CD74 expression by specific shRNA in U87 cells CD74 mRNA expression levels were assessed in a panel of conventional GBM cell lines using RT-PCR in order to identify GBM lines in which CD74 expression levels subsequently could be manipulated by shRNA. While the CD74 ligand MIF was overexpressed in all GBM cell lines tested, 6 of the 15 lines (40%) had detectable expression of CD74, and only U87 and SW1083 had robust CD74 expression (Fig. 4a) . Based on this observation, U87 cells were selected to evaluate the influence of shRNA-mediated knock-down of CD74. Using a plasmid expression vector, stable clones expressing either a CD74 shRNA construct or a non-specific target (NT) shRNA were isolated and used for subsequent experiments. As seen in Fig. 4b , expression of CD74 protein, was significantly suppressed in two independent CD74 shRNA-expressing clones, while CD74 was unaffected in a NT shRNA-expressing clone. These 2 CD74 and 1 NT shRNA clones are used in the subsequent analyses described below.
CD74-specific shRNA inhibits proliferation and enhances TMZ sensitivity
The effects of CD74 shRNA knockdown on cell growth and survival were assessed by counting using trypan blue. For both CD74 shRNA clones, cell proliferation was significantly blunted such that 7 days after plating the average number of cells was 133 9 10 4 and 119 9 10 4 as compared to 237 9 10 4 for NT-shRNA control ( Fig. 5a ; P \ 0.01). Similar results were obtained using a calorimetric assay (data not shown). To determine whether CD74 expression promotes cell survival in GBM cells, the effect of CD74 silencing on the TMZ sensitivity was evaluated in U87 cells. Cells were treated with graded concentrations of TMZ and survival was determined using the CyQuant assay. As shown in Fig. 5b , U87 CD74 shRNA expressing cells were significantly more sensitive to TMZ than the NT shRNA control: 60 lM TMZ treatment of NT shRNA U87 was associated a 56 ± 5% reduction in absorbance (cell number) versus 72 ± 3 and 74 ± 4% for the two CD74 shRNA U87 clones, respectively (P \ 0.05 for either clone relative to NT shRNA clone). Together, these findings demonstrate that CD74 knockdown is associated with reduced proliferation and increased sensitivity to TMZ in U87 cells.
CD74 is a mediator of MIF induced phosphorylation of MAPK and AKT
The effects of CD74 knock-down on MAPK and AKT signaling were evaluated in the U87 model to gain further insight into how CD74 shRNA might influence cell proliferation and survival. As shown in Fig. 5c , treatment of serum-starved cells with recombinant MIF induced robust phosphorylation of both ERK1/2 and AKT in U87 cells expressing the non-specific NT-shRNA control vector (left panel). In contrast, MIF treatment had no effect on the induction of ERK1/2 or AKT phosphorylation in U87 cells expressing CD74 shRNA (right panel). MIF treatment had Fig. 1 Expression of CD74 mRNA in 4 GBM xenograft lines relative to temozolomide sensitivity. a The heat-map results of a microarray analysis of the CD74 probe set for the TMZ sensitive (GBM12 and GBM14) and TMZ resistant (GBM43 and GBM44) lines are shown. b Total RNA from the same lines were reverse transcribed and PCR amplified using primers specific for human CD74 (upper panel). b-Actin was used as internal control (lower panel) Fig. 2 Expression of CD74 and MIF mRNA in a panel of GBM xenografts. a Total RNA isolated for 20 different GBM xenograft lines was subject to RT-PCR using primers specific for CD74, MIF and b-actin. b Expression of CD74 mRNA in GBM xenografts was quantitated using qRT-PCR. The level of CD74 expression is calculated relative to control U87 GBM cells Fig. 3 CD74 expression relative to TMZ response in 20 GBM xenograft lines. a Relative CD74 expression levels, determined from qRT-PCR, are plotted relative to the survival benefit for TMZ therapy in a panel of 20 GBM xenografts Survival benefit for each tumor line is defined as the ratio of median survival of TMZ treated versus placebo treated mice. b Kaplan-Meier survival estimate curves associating CD74 mRNA expression with TMZ response for individual mice with intracranial GBM xenografts treated in the survival experiments no effect on the expression of total ERK1/2 or AKT in either cell line. In parallel with ERK1/2 and AKT activation, recombinant MIF induced phosphorylation of Src only in cells expressing the non-specific NT-shRNA (Fig. 5d) . These findings suggest that CD74 signaling via MIF activation may provide important mitogenic and survival signals through the Src, MAPK and Akt signaling pathways.
Expression of CD74 in high grade glioma patient samples Because of our above xenograft results and since the expression of CD74 has not been previously characterized in GBM, the expression of CD74 was evaluated by immunohistochemistry in 71 human samples of high grade gliomas. The studied cases included 44 males and 27 females; 9 cases were grade 3 (anaplastic astrocytoma, AA) and 62 cases were grade 4 (glioblastoma multiforme, GBM). Median patient age was 57 years (range 23-83 years). The cases were arrayed into a tissue micro-array, and representative CD74 staining results and corresponding H&E sections are shown in Fig. 6 : CD74 positive (Fig. 6a , upper panel, left) and CD74 negative (Fig. 6b, upper panel,  right) . The scant CD74 staining in CD74-negative cases results from staining of intratumoral microglia and macrophages, which are known to express CD74. In contrast, CD74 was rarely expressed by the normal or reactive Effect of silencing CD74 expression on proliferation and TMZ sensitivity in U87 GBM cells. U87 clones expressing CD74 shRNA or control non-specific targeting (NT) shRNA were evaluated by direct counting using trypan blue cell. a Average cell number at each timepoint is shown over the course of 7 day incubation. The error bars represent the standard error of the mean for two independent studies performed with triplicate samples. P-values shown are for comparing differences in proliferation at day 7. b The effects of graded doses of TMZ on survival of the indicated U87 clones following 7 day incubation. Error bars represent the standard error of the mean for data generated from four independent experiments. P-values are shown for comparing control versus CD74 shRNA transfected clones at a 60 lM concentration of TMZ. c, d MIF induced activation of ERK1/2, AKT and Src in U87 cells is mediated by CD74. NT shRNA and CD74 shRNA U87 clones were serum deprived for 24 h, stimulated with MIF (25 ng/ml) for the indicated duration prior to processing for western blotting. Membranes were probed for the indicated phospho-proteins and total proteins. Results are representative of two independent experiments J Neurooncol (2010) 100:177-186 183 astrocytes. CD74 protein was expressed in 19 of 62 (31%) GBM cases, but only 1 of 9 (11%) AA cases ( Table 2) . This difference was not statistically significant (P = 0.43).
Of the positive GBM cases, 11 tumors had mild CD74 staining intensity, while the other eight positive cases had moderate to strong staining. The survival data was available for 55 (77%) of 71 patient samples evaluated for CD74 expression. Because most these patients (38 (69%) out of 55) were not treated with TMZ, univariate analysis revealed no significant association between CD74 expression and overall survival of the studied cohort of high grade patients. In contrast, analysis of 17 patients who received TMZ therapy revealed a trend to shorter overall survival in patients expressing CD74 but the difference was not significantly (P = 0.142; data not shown). Together, these results demonstrate that overexpression of CD74 protein is observed in a subset of high grade gliomas and establishment of its role as a predictor of TMZ response is an interesting subject for investigation in a larger cohort of TMZ treated GBM patients.
Discussion
Development of chemoresistance, particularly against TMZ is a common event in GBM that limits the efficacy of therapy. Several studies have demonstrated that MGMT expression is mechanistically linked to TMZ resistance [13, 14] , and other studies suggest that suppression of MGMT transcription by promoter hypermethylation is associated with a favorable outcome following TMZ therapy [13, 15, 16] . However, not all tumors lacking MGMT protein or with MGMT promoter hypermethylation benefit from TMZ therapy [13] , which supports the idea that TMZ resistance may be multi-factorial. The current study demonstrates over-expression of CD74 in a subset of GBM tumors and suggests that high-level CD74 expression may be an important factor that can contribute to TMZ resistance in addition to MGMT expression. CD74 is an MHC class II associated invariant chain molecule expressed on the cell surface in a sub-set of immune cells, but expression in GBM tumors has not been previously described. Consistent with a role in malignant transformation of specific immune lineages, CD74 is highly overexpressed in the majority of B-cell neoplasms and multiple myeloma [17, 18] , and function-inactivating CD74 antibodies have demonstrated anti-tumor activity in animal models for these indications [19] [20] [21] [22] . CD74 overexpression also has been observed in a subset of thymic, gastric, renal, non-small cell lung and breast cancers [5, 7, 9, 23, 24] . Interestingly, expression of CD74 in some of these solid malignancies has been associated with more aggressive tumor behavior [7] . In the current study, CD74 expression was observed in 19 of 62 (31%) of GBM patient tumor samples but only 1 of 9 (11%) cases of grade 3 anaplastic astrocytoma (AA) (P-value = 0.429). While the difference in CD74 expression between AA and GBM was not statistically significant (perhaps due to low statistical power), the trend towards higher expression in GBM is consistent with the idea that CD74 expression may be linked to more aggressive behavior within the spectrum of malignant gliomas. Our study raises the possibility that CD74 expression may contribute to TMZ resistance in GBM. In previous studies, we demonstrated that TMZ sensitivity, but not radiation sensitivity, in the Mayo GBM xenograft panel is significantly associated with MGMT promoter hypermethylation [11, 12] , which is consistent with previous clinical data [13] . In the current study, analysis of this same in vivo response data from 20 primary GBM xenograft lines demonstrated a significant association between CD74 expression and TMZ resistance. Although CD74 did not remain a significant predictor of response in a multivariate analysis that included MGMT methylation status as an adjustable variable, shRNA knockdown of CD74 in the MGMT methylated U87 glioma cell line significantly sensitized the cells to TMZ. Collectively, these latter data suggest that CD74 signaling may be an additional factor that contributes to TMZ resistance in addition to the more dominant effects of MGMT activity.
CD74 signaling likely promotes cell survival through downstream signaling to pro-survival pathways. CD74 forms a complex with CD44 at the cell surface, and binding of the MIF ligand to this complex leads to recruitment of Src, which then can signal downstream to activate multiple signaling pathways including Ras/MAPK and Akt [2, 4, 25, 26] . These pathways are important modulators of cell proliferation and survival in GBM [27] , and consistent with previous reports, MIF-induced phosphorylation of MAPK and AKT in U87 cells was selectively suppressed in those clones expressing CD74 shRNA (Fig. 5) . MIF is highly expressed in the majority of GBM tumors (Fig. 2) [28, 29] , and given the importance of MAPK and AKT signaling for cell survival, these data are consistent with the possibility that MIF-CD74 signaling through these pathways may contribute to the TMZ resistance associated with CD74 overexpression. On the basis of these data, future studies in our laboratory will evaluate whether CD74 confers resistance to other therapeutics with different mechanisms of action, and whether small molecule or monoclonal antibody inhibitors of this pathway can be used to potentiate the efficacy of TMZ in GBM.
